Electrical on demand supercharging provides an internal combustion engine with the facility to increase its volumetric efficiency without being subject to the mechanical constraints associated with a conventional pressure charging device. This enables improvement in fuel economy through engine downsizing with the added ability to enhance torque. The Visteon Torque Enhancement System (VTES) is a fully integrated air management system, at the heart of which is an electronically controlled, electrically powered supercharger. Based on the driver demand, the supercharger responds by rotating a compressor at a speed which pressurizes the intake air to the desired level. The control system associated with an electrical boosting device (EBD) considers the engine and electrical motor torque requirements for providing the actuator with an appropriate compressor set-point. Optimal tracking of the set-point requires inclusion of physical limits of the actuator for the supercharger operation. Conditioning of the compressor speed setpoint is done such that driver's perception remains unaffected by any such limits. Electrical supercharging provides an opportunity to address the low-end torque deficit in both naturally aspirated and turbocharged applications. The use of the electrical supercharger in series with a turbocharger aids in the reduction of turbo lag.
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INTRODUCTION
Engine downsizing has enabled vehicle manufacturers and suppliers to reduce fuel consumption, thereby reducing CO 2 emissions [1] . Effective downsizing is achieved with engine boosting technologies such as turbocharging and mechanical compressors [2] . These traditional boosting technologies have their limitations. In the case of turbochargers, the ability of the turbine to extract energy from the exhaust gases depends greatly on the mass flow and temperature of the exhaust gases. At low engine speeds and throttle positions or fuelling levels, the exhaust energy is low and the turbocharger is unable to perform significant work on the inlet air charge. This leads to the phenomenon of 'turbo-lag' [3] .
Mechanical compressors, on the other hand, solve the issue of retarded boosting. However, they are not ideal due to location and packaging limitations. Furthermore, they add friction to the engine [4] .
Electrically driven compressors provide the facility of increasing air-charge with no retard in boosting effect during engine load transients, especially at low engine speeds [5] . Availability of greater package freedom within the engine compartment enables an electrical supercharger to be enclosed with relative ease.
Activating the electrical compressor based on the engine breathing requirements requires an electronic control system that enables boost on demand. In addition to the pressure requirements, the vehicle electrical balance needs to be considered within the control system in order to avoid unnecessary electrical transients. An overall description of the control system associated with an electrical supercharging system such as the Visteon Torque Enhancement System (VTES) is provided. A multivariable approach, which includes the mechanical and electrical aspects of the system, is discussed with results elucidating the effectiveness of such a system for various powertrain applications.
SYSTEM DESCRIPTION
An electrical boosting device (EBD) that operates on a 12 V electrical architecture requires management of thermal and power characteristics of the device. An electric motor responsible for actuating a centrifugal compressor is controlled by an electronic control unit (ECU) as shown in Figure 1 . The compressor raises the intake manifold pressure under full load conditions in order to increase engine torque. The speed of the As shown in Figure 1 , the system is comprised of a smart actuator (with the EBD being the centrifugal compressor, the motor, control and power electronics), an air by-pass to avoid air throttling at part load, an air filter, the motor power supply and associated control circuitry. The air outlet from the unit is linked to the electronic throttle body through a connecting pipe. The intake air is delivered to the engine through an air by-pass when the compressor is not required thus avoiding it having to flow through the compressor [5] .
The energy source for the actuator in an integrated powertrain application is the vehicle battery. An electrical network isolates the battery, when boost is required, from the rest of the vehicle network. The PWM controlled network provides a mechanism through which the battery charge is efficiently maintained during both boost and non-boost events. A smart charging alternator, which takes into account the battery SOC, is utilized for managing battery life and health. The EBD can be used in both naturally aspirated and turbocharged applications. In the case of the naturally aspirated system, the motor-compressor unit serves to provide an increase in air-charge density based on the driver demand and the engine operating condition, which is used for generating the required additional torque. However, in the case of the turbocharged application the device is used to remove the turbo-lag that is inherent to the application in addition to the increase in absolute pressure. Therefore, the EBD is utilized largely as a transient device. A turbocharged EBD application is diagrammatically shown in Figure 2 . The EBD is responsible for torque enhancement by manipulating the intake air pressure. The ECU responsible for actuating the EBD considers the following in order to rotate the compressor for boosting:
• Based on the driver demand, a desired pressure and airflow (for a pressure based OEM EMS strategy) or a desired torque (if OEM EMS strategy is torque based) is used to set a compressor speed demand.
• The speed demand is modified to constrain the EBD functioning within its physical limits based on the operating condition of the system. • The electric motor is engaged depending on the electrical status of the vehicle system utilizing the isolation network.
• The alternator set-point is conditioned according to the EBD duty cycle.
• The speed demand is converted into a desired motor torque, which is subjected to further motor specific constraints in order to avoid unnecessary transients and to maintain the overall motor health.
• The final torque set-point is converted to the appropriate motor commutation signals, thereby enabling the motor to attain the desired speed.
For the purpose of elucidation, a pressure based control system has been utilized hereafter. The system boundaries are identified and included in the control system for optimal performance. These boundaries are related to the feedback pressure, motor speed and temperatures of the motor components, battery SOC and system voltages. Figure 3 shows the overall control system architecture. Closed-loop control on pressure (the 'outer' control loop) is combined with a feedforward open-loop component. The control signal is then degraded using model-based feedbacks of critical components of the system. Closed-loop control on the motor speed (the 'inner' control loop) is responsible for setting the appropriate torque demand for the motor. 
THE BOOST CONTROL SYSTEM
The generalized representation of the pressure control system shown in Figure 3 , is responsible for providing a compressor speed demand when the main engine PCM requests an increase in air-charge pressure.
There are essentially two modes that can be utilized for processing this request. One of the modes utilizes an open-loop speed demand in the feedforward path and the other utilizes a closed-loop speed demand, which can be implemented as a function of pressure or engine torque feedback. Therefore, the initial conditioning of the compressor speed demand is done on the basis of the instantaneous and feedback aircharge requirements.
In order to provide the instantaneous compressor speed demand for the electric motor in the compressor-motor system, a feedforward control action is required which is based on the driver demand for additional torque reflected in an instantaneous change in pedal position. A feedforward controller aids in overcoming inherent system delays and provides the control system with a better response to large transients in demand inputs. This mode enables the system to provide the driver with the sought after instantaneous response.
However, disturbances, uncertainties and non-linearities reduce the effectiveness of this control system configuration. Therefore, this form of control is usually combined with a feedback control action.
Feedback control systems possess attributes of stability and most importantly a facility for set-point tracking. In the case of a pressure based control system, the pressure feedback is utilized to provide a compressor speed demand which would enable the increase in intake air pressure. Application of a three term PID controller, for example, would require freezing and/or resetting the integrator output based on whether the system has reached its constraint limits. These limits can be identified and controlled for within the feedback control system for optimal boost performance.
CONSTRAINED BOOST CONTROL
Due to the complex interaction of the EBD motor with other engine parameters, motor related characteristics such as temperatures, currents, battery SOC, etc are also influenced by the engine operation. By considering the significant characteristics of the motor that have a long-term impact on the boost performance of the EBD within the vehicle, a degrade feature is required. The important characteristics that influence boost pressure output with respect to the electric motor and can be directly related to the compressor speed are:
1. Motor component temperatures; 2. Battery State of charge; 3. Air charge temperature.
Constraints, which are a function of the above motor characteristics, are used in the control of the compressor motor speed. Introducing the effects of battery charge and temperatures in determining the compressor speed demand enables the system to operate within its operating boundaries. Both the state of charge and the temperature of the motor components are determined using mechanistic models, which predict the dynamic characteristics of battery charge dissipation and temperature variation during boost and non-boost EBD operation. The aircharge temperature is measured and is also used for degrading the compressor speed demand as this temperature enables the control system to determine the heat transferred into the intake system due to compression. All of the constraints and the system responses to them can be calibrated to the deliver the appropriate driver perception.
THERMAL CONSTRAINED CONTROL
Like many other electronically controlled actuators in vehicles, it is important to control the thermal response of the EBD within its operating limits. However, in order to maintain a high value, robust solution for an electrical-on-demand supercharging as with any other vehicle system, the number of sensors that provide information about the performance and operational state of the EBD is reduced. Additionally some of the critical temperatures in the EBD would be difficult and costly to instrument for series production e.g. due to high speed rotating parts [6] . Therefore, a qualitative inference mechanism becomes necessary for the scheduling of the supercharger demand within thermal constraints. It is in the temperature degradation of compressor speed that a thermal observer becomes pertinent.
Modeling of thermal properties, similar to other dynamic properties of the EBD, can be done through the application of first principles.
However, conventional heat transfer models are generally suitable around their linear operating points where heat transfer and other model coefficients remain constant.
Nonlinear identified models adequately describe nonlinear thermal characteristics of a motor operating within a powertrain application.
The identification of these data-based models utilizes recursive estimation techniques with nonlinear autoregressive moving average models with exogenous inputs (NARMAX) as base component model structures for the entire operating region [6] . The use of such models in controlling the compressor speed of electrical superchargers exhibits the potential benefits of system identification techniques in the area of powertrain control.
In system identification, the input(s) and output(s) are utilized by an estimation algorithm to identify a mathematical representation which relates the dynamic and steady-state thermal response of the component/system. A diagrammatic representation of the identification procedure is shown in Figure 4 . The temperature readings from the vehicle for typical driver demands/drive cycles, which exercises the motor actuation in all operating modes, are used to identify models. Some of the many algorithms that facilitate this process utilize RLS or RIV methods [7] .
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Figure 4: Identifying the thermal characteristics of the electric motor
One of the distinct advantages of using discrete time models is that they are capable of predicting the thermal response of the supercharger motor utilizing many of the internal state variables associated with control of an internal combustion engine. For example, a bilinear model of the NARMAX subset can describe the thermal characteristics of the motor bearings as follows: q B [7] . These sampled polynomials form the linear part of the NARMAX model. 
SOC CONSTRAINED CONTROL
The battery in a vehicle is the primary energy source for electrical loads that are either vital or accessorial in function and performance. The SOC observer is required to provide an estimate of the battery charge retained during boost and non-boost events. Due to the relatively large transient current draws of the motor to overcome inertia and other air loads in order to provide boost, the battery SOC and SOH (state of health) has to be robustly maintained for the basic operation of the vehicle. This is the principle upon which the SOC observer is used within the EBD control system.
Conventional
SOC observers utilize either measurement of current or battery internal resistance for the inference of retained charge in the battery [8] . Battery voltage fluctuations due to the engagement of the supercharger enable the control system to infer SOC accurately. Initialization of the SOC observer is critical to determining the final SOC estimate. This is facilitated by utilizing a variable capacity measure, which is updated during a key-on-key-off period. The SOC observer utilizes an incremental approximation of the current, capacity and SOC relationship:
The variable capacity, ) (t C , is estimated using the open circuit voltage at key-on and the change in ) (t SOC during a key-on-key-off cycle. The net battery current, which includes both charging and discharging currents, is given by ) (t I . This current is estimated utilizing the duty cycle information of the EBD motor and the vehicle alternator during discharging and charging cycles respectively. Therefore,
Equation 3
Initial value for SOC is dependent on the usage of the battery in the previous key-on-key-off cycle and the SOH (state of health) of the battery. It is also dependent on the ambient conditions, which affect the current delivery of the battery. These characteristics are usually encapsulated within the OCV (open circuit voltage) of the battery. Therefore, the OCV is utilized for the initialization of the SOC observer.
A comparison of measured and estimated SOC is shown in Figure 6 . The initial increase in SOC shown in the figure is due to the surface charge that accumulates between a key-off-key-on period. The cycle reflects a naturally aspirated vehicle going up hill with the EBD fully boosting between gear changes and with all additional electrical loads turned on. 
SMART CHARGING
The principal objective of smart charging is to allow the alternator regulator set-point to be varied as a function of battery charge and also to provide a robust scheme for load rejection. The set-point variation is dependent on the duration and frequency of electric boosting. The SOC calculations described earlier are also utilized for the dynamic changes required for charge management done through set-point variation. This charge management coupled with the engagement of the isolation network filters the vehicle system from the effects of unnecessary voltage transients.
ELECTRICAL ISOLATION NETWORK
Due to the relatively high currents required for the EBD operation, isolation of the EBD subsystem from the rest of the electrical network in the car is essential. An isolation network that is robust to large voltage transients should also possess the capability to provide a channel for charging the battery. The principle behind the isolation network is shown in Figure 7 .
The variation of the PWM signal controlling the isolation network during boost and non-boost events is shown in Figure 8 and the voltages are compared in Figure 9 . The battery voltage immediately drops causing the PWM signal to rise, as increased resistance is required between the alternator and the battery. The PWM signal is controlled according to the measured battery and system voltages. It can be seen that the battery voltage is slowly decreasing until the boost event ends. The battery voltage increases in response to the end of the boost event. However, the PWM signal is still used to control the network so that a transient battery voltage is not reflected on rest of the vehicle system voltage. The PWM signal is reduced to zero when the resistance between the alternator and the battery is required to be as low as possible. This scheme enables rest of the vehicle loads to be disassociated from the effects of the EBD operation. 
MOTOR TORQUE CONTROL
Motor torque control is essential in maintaining the performance of the motor and the power electronics control module, which is responsible for distributing the required electrical power to the supercharging actuator. It is required to maintain the compressor speed that is critical for providing boost to the intake system. The speed demand calculated by the outer pressure control loop is utilized by the motor controller to set a nominal torque demand, which aids the motor in achieving the desired speed. The torque demand is also subject to constraints, which maintains the appropriate levels of transient and steady state currents. Constraints for the motor torque therefore ensure long term reliability while operating the supercharger within its physical boundary.
The important constraints that influence the torque demand are:
• Continuous current;
• Battery voltage;
• PECU (Power Electronics Control Unit) heatsink temperature. 
CONSTRAINED TORQUE CONTROL
Transient and steady state power limitations directly translate to the amount of current the motor can demand for providing boost. The power required to sustain the maximum torque demanded from the motor control system is such that the SOC of the battery will rapidly fall below its respective critical limit if maximum torque is required during an entire boost event. In addition to the battery SOC limitations, the temperatures of the motor and PECU components will also exceed their design boundaries. These design boundaries translate to a maximum torque requirement depending on the operating point.
This torque requirement is different for both transient and steadystate motor operations. An excessive torque requirement could be due to a number of reasons. A failure in any of the mechanical or electrical components might result in the delivery of battery power and/or air power being ineffective. An incorrect speed inference will also lead to the generation of unnecessary torque demands. In addition to the excessive currents that result due to these torque demands, temperatures also increase. Figure 10 shows a typical torque demand profile for the EBD.
The PECU heatsink temperatures are directly related to the torque demanded by the control system. Similar to the temperature constraints applied to the compressor speed demand, the constraints related to the PECU temperatures are applied to the torque demand. The torque demand, which influences the current flowing through the PECU, is responsible for the thermal response of the components within the PECU assembly. The temperatures along with the current and battery voltage constraints aid in obtaining optimal motor torque during a boost event.
VEHICLE RESULTS
The various models utilized for constraining the compressor speed and torque demands were validated, providing the control system with an effective feedback mechanism. A summary of an overall vehicle performance in terms of fuel economy and emissions can be found in [5] . Figure 11 shows an example of a degraded boost performance [5] . As explained earlier, an EBD can be applied to both naturally aspirated and turbocharged applications. The performance of an electrical supercharger with a turbocharged gasoline engine compared to the standard turbocharged engine is shown in Figure 12 . Similarly, performance of a naturally aspirated engine with and without the EBD is shown in Figure 13 . This shows the potential of electrical supercharging in increasing the low-end torque [9] .
CONCLUSION
Application of various non-linear observers and models in order to achieve optimal boost control with electrical supercharging provides OEMs with a low cost, high value alternative to downsizing engines. Active control of the supercharging actuator with electronics enables the engine to access its additional air charge requirements on demand. Constraints are added on the demand depending on the vehicle and actuator performance and physical limits. A perfect electrical balance is achieved with effective SOC monitoring and smart alternator charging. This enables the EBD to operate on standard 12V vehicle electrical systems. Further improvements in efficiency and output can be achieved with a 42V system. With the applications of constrained control, a drop in boost performance is experienced. This drop is acceptable since the driver's perception remains unaffected [5] . Application of electrical supercharging to naturally aspirated and turbocharged engines have shown a marked improvement in their torque performances. In the case of turbocharged application, the EBD facilitates the reduction of the inherent turbo lag, as shown in Figure 14 , without interfering with the increase in performance offered by the turbocharger. Interactions with the turbocharger are handled by a responsive outer pressure control loop with the inner motor torque control loop handling aspects related to the actuator. In the case of the naturally aspirated engines, there is a 25% improvement in the low to mid range torque. Electrical supercharging shows the overall performance of a high fidelity supercharger control system can provide a downsized engine with a suitable alternative in increasing its torque.
